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DETERMINATION OF REMAINING USEFUL 
LIFE OF GAS TURBINE BLADE 

TECHNICAL FIELD OF THE INVENTION 

0001. The present invention relates to a method and/or 
system for the determination of the remaining useful life of 
a turbine blade Such as a gas and/or a steam turbine blade. 

BACKGROUND OF THE INVENTION 

0002 Gas turbine blades are generally subjected to vari 
able speeds and loading. The variable loading on the gas 
turbine blades are mainly caused by fluid jets impacting the 
gas turbine blades and the starting and shutting down of the 
gas turbine itself. This variable loading causes variable mean 
stresses and variable alternating stresses on the gas turbine 
blades. The variations of these stresses Subjects the gas 
turbine blades to mechanical forces Such as fatigue, creep, 
thermo mechanical fatigue, etc. Fatigue, for example, causes 
a turbine blade to fail at a stress that is much less than the 
turbine blade can withstand when it is new. 
0003. Many studies have attempted to deal with the 
problem of turbine blade failure. For example, some studies 
have attempted to determine the basic fatigue properties of 
the material of the turbine blade and of the turbine blade 
design for which the material is being used. Fatigue tests 
have been conducted in an effort to determine variations in 
the stress intensity factor over time and to relate these 
variations to crack nucleation. Some studies have modeled 
turbine blades as rotating Timoshenko beams with twists and 
tapers. Also, some studies have addressed damage in Such 
beams using vibration characteristics. 
0004. However, these studies typically have addressed 
damage at a given point in time during the operational 
history of the turbine blade and have not looked at the effect 
of damage growth on the vibration characteristics. Turbine 
blades undergo cyclic loading. This loading is time depen 
dent and causes deterioration of the turbine blades. To avoid 
catastrophic failures of the turbine blades, the amount of 
damage as a function of time should also be determined and 
used to predict the remaining useful life of the turbine blade 
so that it can be optimally replaced before failure. 

SUMMARY OF THE INVENTION 

0005 According to one aspect of the present invention, a 
system for indicating a need for replacement of a vibrating 
structure comprises a sensor, an indicator, and a processor. 
The sensor is arranged to sense a frequency of vibration of 
the vibrating structure. The indicator is controlled to provide 
an indication of the need for replacement of the vibrating 
structure. The processor compares the frequency of vibra 
tion of the vibrating structure to data that relates the vibra 
tion frequency of the vibrating structure to fatigue damage 
of the vibrating structure, and controls the indicator based on 
the comparison. 
0006. According to another aspect of the present inven 

tion, a method comprises the following: generating a model 
of a vibrating structure; generating a fatigue damage model 
for the vibrating structure; modifying the model of the 
vibrating structure based on the fatigue damage model; 
determining from the modified model at least one frequency 
of vibration that corresponds to a predetermined amount of 
fatigue damage; and, storing the at least one frequency of 
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vibration in a memory of a system to be used to provide a 
notification of when the vibrating structure should be 
replaced. 
0007 According to still another aspect of the present 
invention, a computer implemented method comprises the 
following: generating a model of a vibrating structure; 
generating a fatigue damage model for the vibrating struc 
ture; modifying the model of the vibrating structure based on 
the fatigue damage model; and, determining from the modi 
fied model at least one frequency of vibration that corre 
sponds to a predetermined amount of fatigue damage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008. These and other features, aspects, and advantages 
of the present invention will become better understood when 
the following detailed description is read with reference to 
the accompanying drawings in which like characters repre 
sent like parts throughout the drawings, wherein: 
0009 FIG. 1a shows a doubly tapered, twisted beam 
element of length 1 with nodes 1 and 2: 
(0010 FIG. 1b shows the nodal degrees of freedom of the 
beam element of FIG. 1a where bending direction, bending 
slope, shear deflections, and shear slope in two planes are the 
nodal degrees of freedom; 
(0011 FIG. 1c illustrates the angle of twist 0: 
0012 FIG. 1d illustrates rotation of the beam element; 
0013 FIG. 2 illustrates damage as a function of cycles N 
based on low strain, moderate Strain, and high Strain damage 
models; 
0014 FIG. 3 illustrates a procedure for determining a 
predetermined frequency threshold that is used to indicate 
the point at which a blade should be replaced; 
0015 FIG. 4 is an example of a table relating the vibra 
tion frequency of a blade to its fatigue damage; and, 
0016 FIG. 5 illustrates a system that determines when a 
turbine blade is in need of replacement. 

DETAILED DESCRIPTION 

0017 Fatigue is a phenomenon in which repetitive loads 
cause a structure to fail at a stress level that is much lower 
than the stress level that the structure can withstand when it 
is new and unused. The principal contributing factors to 
fatigue failure are the number of load cycles experienced by 
the structure and the presence of local stress concentrations. 
Fatigue cracks result from plastic deformation, which in turn 
results from initiation and propagation of a crack. Low cycle 
fatigue is associated with large stresses causing considerable 
plastic deformation with failure cycles N, in the range of 102 
to 10. 

0018. The Table defines certain parameters, variables, 
and constants used in the analysis presented herein. 

Area of cross section 
Breadth of beam 
Damage variable 
Initial damage 
Offset 
Young's modulus 
Young's modulus for undamaged material 
acceleration due to gravity 
Shear modulus 
Depth of beam 

O 
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-continued 

moment of inertia of beam cross section about XX 
axis 
moment of inertia of beam cross section about yy 
axis 
moment of inertia of beam cross section about ZZ 
axis 

K material constant 
K material parameter 
K element stiffness matrix 

length of an element 
length of total beam 

M material constant 
M. material parameter 
M element mass matrix 
N number of cycles 
N number of cycles to produce fatigue failure 

R 
r(t) 
So 

XX 

plastic strain 
rate of accumulation of plastic strain 
stress triaxiality factor 
residual frequency 
temperature dependent material constant 

S: stress deviator 
T temperature, threshold residual frequency, Kinetic 

energy of the element 
time parameter 
nodal degrees of freedom 
strain energy 
displacement in XZ plane 
displacement in yz plane 
coordinate axes 
damage strain energy release rate 
coordinate axis and length parameter 
distance of the first node of the element from the 
root of the beam 
depth taper ratio h1/h2 
breadth taper ratio b1/b2 
angle of twist 
weight density 
shear coefficient 
Poisson's ratio 
potential function 
elastic potential function 
elastic strain tensor 
strain range 

3. micro plasticity accumulated strain 
stress level 

Ao stress range 
CS Von Mises stress 
OH hydrostatic stress 
Oy initial yield stress 
op Dissipated potential 
(pp Von Mises plasticity function 
(PD Damage dissipated potential 
(p. microplastical dissipation potential 
w proportion factor 
AC) residual frequency 

rotational speed of the beam (radis) 

y 

A e 

In addition, the frequency ratio is the ratio of the modal 
frequency to the frequency of the fundamental mode of a 
uniform beam with the same root cross-section and without 
shear deformation effects, the subscript b denotes bending, 
and the Subscript S denotes shear. 
0019 FIG. 1a shows a doubly tapered, twisted beam 
element 10 of length 1 with two nodal points 1 and 2. The 
breadth b, depth h, and the twist of the beam element are 
assumed to be linearly varying along its length. The breadth 
and depth at the two nodal points are shown as b, hand b, 
h, respectfully. The pre-twist at the two nodal points are 
denoted 0 and 0. 
0020 FIG. 1b shows the nodal degrees of freedom of the 
beam element 10 of FIG. 1a where bending direction, 
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bending slope, shear deflections, and shear slope in two 
planes are the nodal degrees of freedom. The total deflec 
tions and shear slope in the two planes at the two nodal 
points are taken as nodal degrees of freedom. The total 
deflections of the beam element 10 in they and X directions 
at a distance Z from the node are denoted as w(Z) and V(Z) 
and are given by the following equations: 

where w(Z) and v(Z) are the deflections due to bending in 
theyZ and XZ planes, respectively, and W(z) and V (Z) are the 
deflections due to shear in the corresponding planes. The 
displacement models for w, (Z), w (z), V, (Z), and V (Z) are 
assumed to be polynomial equations of the third degree. 
These polynomials are similar in nature and differ only with 
respect to the nodal constants. These polynomial equations 
are given as follows: 

ii. ii. ii. (315–23) + (g-21s + f2) + (g-la) 
w(z) = (2: -31; + F)+ (4) 

ii. ii. ii. T(313-2:)+(3–2l: + f2) + (g-l:) 
ii. 

v(z) = (2:-31; + F)+ (5) 
ii. ii. ii. (315–23) + (: -21s + f2) + (g-l:) 

ii. ii. ii. T(313-2:)+(3–2l: + f2) + (g-l:) 

where u, u, u, and uo represent the bending degrees of 
freedom in the yZ plane, us, u, u, and u2 represent the 
shear degrees of freedom in the yZ plane, us, u, us, and ul 
represent the bending degrees of freedom in the XZ plane, 
and u7, us, us, and us represent the shear degrees of 
freedom in the XZ plane. 
0021. The total strain energy U of the beam element 10 
of length 1 due to bending and shear deformation including 
rotary inertia and rotation effects is given by the following 
equation: 

U - I EI, (ow, El owbove Ely (ove 2 -- (7) 
O 2 32 3:2 ag2 2 32 

pia Göw + ov, Y dz. -- 
2 (...) (...) 2. 

where P(Z) is the axial force acting at section Z and p(Z) is 
the plastic strain along Z axis. 
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0022. In a first case where the beam element 10 is 
uniform such that I-0, where shear and rotary inertia are 
ignored, and where deflection in only the yZ plane is 
considered such that V, V-0, the total strain energy U is 
reduced to the following equation: 

ty ("Ele ow, a (8) = Ele 32 2. 

The entries of the stiffness matrix K) can be obtained by 
differentiating the above equation with respect to each 
degree of freedom and collecting the coefficients u, u, u, 
and uo in the above equation. 
0023. In a second case where the beam element 10 is 
uniform such that I-0, where shear and rotary inertia are 
not ignored, and where deflection in only the yZ plane is 
considered such that V, V-0, the total strain energy U is 
reduced to the following equation: 

EI, (ow, uAG (ow, Y d (9) 
2a-2 + 2 () 2. U = O 

The stiffness matrix K) in this case is of order 8 and can be 
derived by differentiating the above equation with respect to 
u, (i-1,2,..., 8) separately and collecting the coefficients 
l, ll: . . . , lls. 

0024. In a third case, which is the general stiffness matrix 
case, the total strain energy U is reduced to the following 
equation: 

U = O 

EI, (ow, 2 EI ow, ov, Ely ov, 2 (10) 
2a-2 * Eliya-2a-2 + 2 - 22 | * 

A () () is 
The stiffness matrix K) in this case is of order 16 and can 
be derived by differentiating the above equation with respect 
to u, (i-1, 2, . . . , 16) separately and collecting the 
coefficients u, u2. . . . . us. 
0025. The Kinetic energy T of the beam element 10 
including the effect of shear deformation and rotary inertia 
is given by the following equation: 

T = O f(; +9) f(); Aft (11) 2g at "at 

ply ?ov, ply ow, Y ov, Pla ow, Y d 
2glaza, "glazatasa," 2 a.a. ' 
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0026. In a first case where the beam element 10 is 
uniform such that I-0, where shear and rotary inertia are 
ignored, and where deflection in only the yZ plane is 
considered such that V, V-0, the kinetic energy T is 
reduced to the following equation: 

The mass matrix M for this first case is of order 4 and can 
be obtained by differentiating the above equation with 
respect to u, (i-1, 2, . . . . 4) separately and collecting the 
coefficients u, u2. . . . . u. 
0027. In a second case where the beam element 10 is 
uniform such that I-0, where shear and rotary inertia are 
not ignored, and where deflection in only the yZ plane is 
considered such that V, V-0, the kinetic energy T is 
reduced to the following equation: 

pA ( owl, ow, Y ply ( owl, 2 (13) 
'('. -- -- - - d 2g 6t t 2g Özöt 

t 

T = O 

The mass matrix M in this second case is of order 8 and can 
be derived by differentiating the above equation with respect 
to u, (i-1,2,..., 8) separately and collecting the coefficients 
ll 1, le. . . . , lls. 
0028. In a third case, which is the general mass matrix 
case, the kinetic energy T is reduced to the following 
equation: 

f() 9. f(); C. : (14) a + t * 2. a + t 

ply ?ov, ply ow, Y ov, Plas ow, d 
2g Özöt gazeta-at." 2gast' 

The mass matrix M in this third case is of order 16 and can 
be derived by differentiating the above equation with respect 
to u, (i-1, 2, . . . , 16) separately and collecting the 
coefficients u, u2. . . . . us. 
0029. The following boundary conditions can be applied 
depending on the type of end conditions. In a first case where 
the end conditions are free end conditions, the following 
boundary conditions apply: 

8w, Öv ov, ow, (15) 
= 0, = 0, = 0, = 0. 8. 8. 32 32 

In a second case where the end conditions are clamped end 
conditions, the following boundary conditions apply: 

dw Övs (16) 
W = 0, wb = 0, V = 0, V = 0, = 0, = 0. 8. 8. 
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In a third case where the end conditions are hinged end 
conditions, the following boundary conditions apply: 

ov, ow, (17) 
W = 0. Wh = 0, Vs = 0, Vb = 0, 32 = 0, 32 = 0. 

In the case of turbine blades, the second case of boundary 
conditions apply because the beam element 10 has a 
clamped end, i.e., the beam element 10 is a cantilever beam. 
0030 The vibration of an un-damped system of motion 
may be expressed in matrix form according to the following 
equation: 

M(i)+LK)(x)={0} (18) 
or in matrix form 

M(x)+K(x)=0 (19) 

where M is the mass matrix and K is the stiffness matrix. 
These equations may be rewritten as follows: 

In equation (20), A is the constant matrix dependent upon 
M and K. 

10031) For harmonic motion, X-X, so that the above 
equations (20) may be re-written as follows: 

where w is A matrix of the roots of any equation in matrix 
form. The characteristic equation of the system is then given 
by the following equation: 

A-I =0 (22) 

The roots , of the above equation are the eigenvalues, and 
the corresponding frequencies in radians are given by the 
following equation: 

0032 Turbine blades undergo cyclic loading causing 
structural deterioration which can lead to failure. It is 
important to know how much damage has taken place at any 
particular point in time in order to monitor the conditions or 
health of the blade and to avoid any catastrophic failure of 
the blades. Several studies look at damage at a given time 
during the operational history of the structure. This analysis 
is diagnostic in nature and involves detection, location, and 
isolation of damage from a set of measured variables. On the 
other hand, prognostication involves predicting the temporal 
evolution of the structural or vibration characteristics of the 
system under study and is important for prediction of failure 
due to operational deterioration. 
0033. The stiffness of the turbine blade is gradually 
reduced with crack growth, and stiffness is related to the 
vibration characteristics of the blade. The decreased fre 
quency shows that stiffness of the blade is decreasing and 
thus serves as a damage indicator for monitoring crack 
growth in the blade. Some studies have modeled turbine 
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blades as rotating Timoshenko beams with twists and tapers. 
Also, some studies have addressed damage in Such beams 
using vibration characteristics. 
0034. However, these studies typically have addressed 
damage at a given point in time during the operational 
history of the turbine blade and have not looked at the effect 
of damage growth on the vibration characteristics. Turbine 
blades undergo cyclic loading. This loading is time depen 
dent and causes deterioration of the turbine blades. To avoid 
catastrophic failures of the turbine blades, the amount of 
damage as a function of time should also be determined and 
used to predict the remaining useful life of the turbine blade 
so that it can be optimally replaced before failure. 
0035) To study the structural behavior of the damage 
beam, it is beneficial to integrate a damage model into a 
finite element analysis. A number of damage models that can 
be used for predicting damage growth due to fatigue. A 
damage model based on continuum damage mechanics 
(CDM) for low cycle fatigue damage analysis is useful. Low 
cycle fatigue occurs after a relatively low number of cycles 
(typically <10,000) of high stress amplitude. The CDM 
models are easier to include in finite element analysis, and 
the finite element analysis and the damage growth analysis 
can be effectively decoupled. 
0036. The turbine blade is modeled as a tapered, twisted, 
and rotating Timoshenko beam. The geometry of this blade 
is discussed above in relations to FIGS. 1(a)-(d). The total 
strain energy U of the beam element 10 of length 1 due to 
bending and shear deformation including rotary inertia and 
rotation effects is given by equation (7). The quantities P(Z). 
p(Z), and p(Z) are given by the following equations: 

AO 1 1 1 (24) 
Pz) = 2 g (eL+ iL-ez. – isi)-(etz.:- i: 

pAO (25) 
p(x) = (wh + w) 

pAO (26) 
py(X) = (Vb + Vs) 

0037. The kinetic energy T of the blade including the gy 9. 
effect of shear deformation and rotary inertia is given by 
equation (11) and the deformations can be discretized in 
terms of shape functions. For the out-of-plane and in-plane 
bending w, and V, and shear deformations w and V, cubic 
polynomials are used. These polynomials are given by 
equations (3)-(6). 
0038. Using the energy expressions and the finite element 
discretization, the stiffness and mass matrices are calculated. 
After assembling these matrices and applying the cantilever 
boundary conditions as discussed above, the following equa 
tion is obtained: 

(Ki-co’ (MI) U=0 (27) 

Equation (27) is a re-written form of equation (21). 
0039. As discussed above, a damage model based on 
continuum damage mechanics (CDM) for low cycle fatigue 
damage analysis is useful. Such applications do not require 
detailed models of crack growth using facture mechanics. 
Instead, they are based on the continuum damage variable D 
that can be defined according to the following equation: 
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D = 1 - - (28) 

where E is the initial Young's modulus of the material and 
E is the value of the Young's modulus at a given time. For 
undamaged material, E=E. and D-0. For completely dam 
aged material, E=0 and D=1. For prognostics, the path of 
damage growth as it evolves from D=0 to D=1 and the effect 
of Such damage growth or damage indicators, such as 
frequencies and mode shapes, are of interest. Continuum 
damage mechanics models are phenomenological, are typi 
cally derived from experimental data, and provide the func 
tional relationship of D(t). For fatigue problems, t-N where 
N is the number of cycles. 
0040. A useful damage model is given by the following 
equation: 

N YN fo (29) D=1-(1-D ( - 

The three parameters in this model are Do Na and No. 
I0041) The parameters Do, N, and No. can be determined 
from experiments. The following give low Strain, moderate 
strain, and high strain examples. 
0042. For low strain +0.35 per cycle, and for 6230 cycles 
(N) to produce fatigue cracks resulting in failure, the 
parameters D., N, and N.C. may be 0,094,6230, and 0.058, 
respectively. By inserting these values into equation (29), 
the following damage growth prediction model results: 

0.058 (30) N 
D(N) = 1 –0,906.1 Gio) 

0043. For moderate strain +0.5 per cycle, and for 1950 
cycles (N) to produce fatigue cracks resulting in failure, the 
parameters Do, N, and No. may be 0.097, 1950, and 0.064. 
respectively. By inserting these values into equation (29), 
the following growth prediction model results: 

N 0.064 (31) 
D(N) = 1 – 0.903.1 Toso) 

0044) For high strain +0.70 per cycle, and for 844 cycles 
(N) to produce fatigue cracks resulting in failure, the 
parameters D., N, and No. may be 0.077,844, and 0.113, 
respectively. By inserting these values into equation (29), 
the following growth prediction model results: 

N 0.113 (32) 
D(N) = 1 – 0.923(1 sia) 

0045. In all three cases, D is the damage that occurs in a 
structure as a function of N cycles. The damage based on 
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each of these models as a function of cycles N is shown in 
FIG. 2. The plots shown in FIG. 2 show that D varies quickly 
at the early and last stages of cycling, and varies slowly in 
the middle stage of cycling from 10% to 80% of the total 
cycles, which is characteristic of low cycle fatigue (LCF) 
damage. High Strain leads to faster failure of the material. 
0046. The stiffness (EA) of the beam and the fatigue 
element as a function of the number of cycles is related 
according to the following equation: 

E (33) 
D(N) = 1 - - E. 

Combining equations (30) and (33) produces the following 
equation for the low strain model: 

N 0.058 (34) 
E(N) = 0,906(1-) Eo 

Combining equations (31) and (33) produces the following 
equation for the moderate strain model: 

N 0.064 (35) 
E(N) = 0,903(1-3) Eo 

Combining equations (32) and (33) produces the following 
equation for the high Strain model: 

N 0.113 (36) 
E(N) = 0.923(1-5) Eo 

0047 Accordingly, given the above analysis, failure of a 
turbine blade, or indeed any vibrating beam, can be pre 
dicted by comparing its frequency of vibration to a prede 
termined frequency threshold or set of frequency thresholds. 
When the natural frequency of vibration of the blade falls to 
the predetermined frequency threshold, it may be deter 
mined that failure of the blade is imminent and that the blade 
should be replaced. This predetermined frequency threshold 
may be set, for example, at the frequency () where N/N, 0.9. 
0048. The predetermined frequency threshold may be 
determined in accordance with the procedure shown in FIG. 
3. At 20, the blade is modeled using any suitable model such 
as a finite element model. More specifically, and as dis 
cussed above, the blade may be modeled as a tapered, 
twisted, and rotating Timoshenko beam. For this purpose, 
equations (7)-(14), (24), (25), and (26) can be used for the 
model. Further, the boundary conditions of equation (16) 
apply because the blade has a clamped end, i.e., the blade is 
a cantilever beam. 

0049. At 22, the damage fatigue of the blade is modeled 
using any Suitable model Such as the model based on 
continuum damage mechanics (CDM) for low cycle fatigue 
damage. Specifically, as discussed above, equations (28)- 
(32) can be used for modeling the fatigue damage of the 
blade according to multiple operating conditions such as a 
high Strain condition, a moderate strain condition, and a low 



US 2007/02720 18 A1 

strain condition. The specific condition may dependent, for 
example, upon the particular application for the system 
described herein. 

0050. At 24, Young's modulus E(N) is then determined 
from the damage fatigue model using equations (33)-(36) 
according to one or more of the multiple operating condi 
tions such as the high Strain condition, the moderate Strain 
condition, and the low strain condition. 
0051. At 26, the appropriate Young's modulus is inserted 
into the blade model determined at 20 and, at 28, the 
stiffness matrix K and the mass matrix M are computed, in 
the manner described above, from the blade model as 
modified at 26 by the Young's modulus determined at 24. 
0.052 The stiffness matrix K and the mass matrix M. 
which are computed at 28 and which are associated with a 
particular one of the operating conditions, are used at 30 to 
calculate the frequency of vibration of the blade as a 
function of fatigue. FIG. 4 is an example of a table for a 
particular one of the operating conditions that could result 
from this calculation, where N/N, represents the degree of 
fatigue of the blade and () is the vibration frequency of the 
blade corresponding to selected values of N/N. The fre 
quency () typically decreases as the fatigue of the blade 
increases. A frequency (), such as cos, can be chosen as the 
predetermined frequency threshold based on the amount of 
damage fatigue that can be tolerated in the blade. 
0053 At 32, the predetermined frequency threshold 
determined at 30 is stored in a memory 102 of a system 100 
that monitors and predicts failure of a turbine blade. 
0054) The procedure of FIG. 3 can be implemented by 
way of a computer. In this case, the procedure of FIG. 3 can 
be viewed as a flow chart of a program executing on Such a 
computer. 
0055 FIG. 5 illustrates the system 100 for monitoring 
and predicting failure of a turbine blade 104 that is supported 
by a rotating shaft 106. As is typical of turbine blades, the 
turbine blade 104 may be both twisted and tapered. A sensor 
108 of the system 100 is provided to continuously or 
periodically sense the frequency of vibration of the turbine 
blade 104 during its use. The sensor 108 may be of any 
suitable type wholly mounted in the turbine blade 104, 
partially mounted on the turbine blade 104 and partially 
mounted on a static structure near the turbine blade 104, or 
wholly mounted on the static structure. The sensor 108, for 
example, may be a strain gauge, an accelerometer, etc. 
0056. A processor 110, such as a computer, continuously 
or periodically reads the frequency of vibration output of the 
sensor 108 and compares this frequency of vibration output 
with the predetermined frequency threshold stored in the 
memory 102. When the frequency of vibration output from 
the sensor 108 traverses the predetermined frequency thresh 
old stored in the memory 102 thereby indicating fatigue 
damage Sufficient to warrant replacement of the turbine 
blade 104, the processor 110 controls an indicator 112 such 
as a visual display, and/or an audio display, and/or an alarm, 
and/oran audible alert, etc. in order to provide notice that the 
turbine blade should be replaced. There are many sensors 
available in the literature which can be used to sense the 
frequency of vibration of the turbine blade 104 during its 
US 

0057. If desired, the operating condition (low strain, 
moderate strain, high strain) of the turbine blade can be 
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measured and this condition measurement can be combined 
with the vibration frequency measurement in order to deter 
mine fatigue damage. 
0.058 Certain modifications of the present invention have 
been discussed above. Other modifications of the present 
invention will occur to those practicing in the art of the 
present invention. For example, as described above, the 
processor 110 compares the frequency of vibration output of 
the sensor 108 with the predetermined frequency threshold 
stored in the memory 102 and provides an indication of 
predetermined blade damage on the indicator 112 when the 
frequency of vibration output from the sensor 108 traverses 
the predetermined frequency threshold stored in the memory 
102. Additionally or alternatively, the processor 110 may use 
the indicator 112 to provide trend information regarding the 
growth of fatigue damage of the turbine blade 104. In this 
case, the memory 102 may be arranged to additionally or 
alternatively store the type of trend data shown in FIG. 4. 
Thus, the processor 110 monitors the vibration frequency of 
the turbine blade 104 and provides an output by way of the 
indicator 112 to indicate the change in fatigue damage over 
time. 
0059 Moreover, the models discussed above will vary 
Somewhat dependent upon the particular point along the 
turbine blade (the root of the turbine blade which is the point 
where it is clamped to the turbine wheel or shaft, the 
outboard end of the turbine blade, or at some intermediate 
point along the length of the turbine blade) from which the 
experimental data is derived. Therefore, the data stored in 
the memory 102 will relate to this particular point along the 
length of the turbine blade 104. This point is where the 
sensor 108 should be located. The sensor need not be placed 
at location at which damage occurs in order to determine that 
the vibrating structure needs replacement. 
0060. Further, it is possible to use several tables such as 
shown in FIG. 4, where each table is related to a corre 
sponding point along the length of the turbine blade 104, and 
to provide a sensor such as the sensor 108 to sense the 
vibration frequency of the turbine blade 104 at each of these 
points. The outputs from these multiple sensors can be 
blended in order to detect the need for blade replacement. 
0061 Accordingly, the description of the present inven 
tion is to be construed as illustrative only and is for the 
purpose of teaching those skilled in the art the best mode of 
carrying out the invention. The details may be varied sub 
stantially without departing from the spirit of the invention, 
and the exclusive use of all modifications which are within 
the scope of the appended claims is reserved. 
What is claimed is: 
1. A system for indicating a need for replacement of a 

vibrating structure comprising: 
a sensor arranged to sense a frequency of vibration of the 

vibrating structure; 
an indicator that is controlled to provide an indication of 

the need for replacement of the vibrating structure; and, 
a processor that compares the frequency of vibration of 

the vibrating structure to data that relates the vibration 
frequency of the vibrating structure to fatigue damage 
of the vibrating structure and to control the indicator 
based on the comparison. 

2. The system of claim 1 wherein the vibrating structure 
comprises a turbine blade. 

3. The system of claim 1 further comprising a memory 
that stores the data. 
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4. The system of claim 1 wherein the data comprises a 
predetermined frequency threshold. 

5. The system of claim 1 wherein the vibrating structure 
comprises a turbine blade, and wherein the system further 
comprises a memory that stores the data. 

6. The system of claim 1 wherein the vibrating structure 
comprises a turbine blade, and wherein the data comprises 
a predetermined frequency threshold. 

7. The system of claim 1 further comprising a memory 
that stores the data, wherein the data comprises a predeter 
mined frequency threshold. 

8. The system of claim 1 wherein the vibrating structure 
comprises a turbine blade, wherein the system further com 
prises a memory that stores the data, and wherein the data 
comprises a predetermined frequency threshold. 

9. A method comprising: 
generating a model of a vibrating structure; 
generating a fatigue damage model for the vibrating 

Structure: 
modifying the model of the vibrating structure based on 

the fatigue damage model; 
determining from the modified model at least one fre 

quency of vibration that corresponds to a predeter 
mined amount of fatigue damage; and, 

storing the at least one frequency of vibration in a memory 
of a system to be used to provide a notification of when 
the vibrating structure should be replaced. 

10. The method of claim 9 wherein the modifying of the 
model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
11. The method of claim 9 wherein the determining from 

the modified model of at least one frequency of vibration 
that corresponds to a predetermined amount of fatigue 
damage comprises: 

computing a stiffness and a mass from the modified 
model; and, 

determining the at least one frequency of vibration from 
the stiffness and the mass. 

12. The method of claim 11 wherein the modifying of the 
model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
13. The method of claim 9 wherein the vibrating structure 

comprises a turbine blade. 
14. The method of claim 13 wherein the modifying of the 

model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
15. The method of claim 13 wherein the determining from 

the modified model of at least one frequency of vibration 
that corresponds to a predetermined amount of fatigue 
damage comprises: 

computing a stiffness and a mass from the modified 
model; and, 
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determining the at least one frequency of vibration from 
the stiffness and the mass. 

16. The method of claim 15 wherein the modifying of the 
model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
17. A computer implemented method comprising: 
generating a model of a vibrating structure; 
generating a fatigue damage model for the vibrating 

Structure: 
modifying the model of the vibrating structure based on 

the fatigue damage model; and, 
determining from the modified model at least one fre 

quency of vibration that corresponds to a predeter 
mined amount of fatigue damage. 

18. The method of claim 17 wherein the modifying of the 
model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
19. The method of claim 17 wherein the determining from 

the modified model of at least one frequency of vibration 
that corresponds to a predetermined amount of fatigue 
damage comprises: 

computing a stiffness and a mass from the modified 
model; and, 

determining the at least one frequency of vibration from 
the stiffness and the mass. 

20. The method of claim 19 wherein the modifying of the 
model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
21. The method of claim 17 wherein the vibrating struc 

ture comprises a turbine blade. 
22. The method of claim 21 wherein the modifying of the 

model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
23. The method of claim 21 wherein the determining from 

the modified model of at least one frequency of vibration 
that corresponds to a predetermined amount of fatigue 
damage comprises: 

computing a stiffness and a mass from the modified 
model; and, 

determining the at least one frequency of vibration from 
the stiffness and the mass. 

24. The method of claim 23 wherein the modifying of the 
model of the vibrating structure based on the fatigue damage 
model comprises: 

determining Young's modulus from the fatigue damage 
model; and, 

inserting the Young's modulus into the blade model. 
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